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Study of color suppressed modes B0 → D¯(∗)0η(′)
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The color suppressed modes B0 → D¯(∗)0η(′) are analyzed in perturbative QCD approach. We
find that the dominant contribution is from the non-factorizable diagrams. The branching ratios
calculated in our approach for B0 → D¯(∗)0η agree with current experiments. By neglecting the
gluonic contribution, we predict the branching ratios of B0 → D¯(∗)0η′ are at the comparable size of
B0 → D¯(∗)0pi0, but smaller than that of B0 → D¯(∗)0η.
PACS numbers: 13.25.Hw,12.38.Bx
I. INTRODUCTION
The hadronic decays B0 → D¯(∗)0η(′) are color suppressed modes, which belong to class II decays in the factorization
approach (FA) [1]. The relevant effective weak Hamiltonian for these decays is given by
Heff = GF√
2
VcbV
∗
ud
[
C1(µ)O1(µ) + C2(µ)O2(µ)
]
, (1)
where the four-quark operators are
O1 = (d¯b)V−A(c¯u)V−A , O2 = (c¯b)V−A(d¯u)V−A , (2)
with the definition (q¯1q2)V−A ≡ q¯1γµ(1 − γ5)q2. The Wilson coefficients C1 ∼ −0.2 and C2 ∼ 1 are calculated at mb
scale. The main contribution of these decays in FA is proportional to the Wilson coefficients a2 = C1 + C2/3, which
is a small number. That is the reason why class II decays usually have small branching ratios. Theoretical study
of B0 → D¯(∗)0η(′) decays gives a branching ratio of 10−5 [2]. However, recent experiments by Belle and BABAR
show that the branching ratios of class II decays are not so small [3, 4]. The branching ratios of B0 → D¯(∗)0η are
of 10−4. Although the gluonic mechanism can enhance the B0 → D¯0η′ decay branching ratio to 10−4 [5], it may be
difficult to explain the large branching ratio of B0 → D¯(∗)0η. It means that the non-factorizable contributions in these
decays are very important. This is confirmed in the recent theoretical study on charmed final state B meson decays
in perturbative QCD approach [6].
The perturbative QCD approach (PQCD) for the exclusive hadronic B decays was developed some time ago [7, 8],
and applied to the semi-leptonic [9] and non-leptonic decays [10, 11, 12] successfully. In this formalism, factorizable
contributions, non-factorizable and annihilation contributions are all calculable. By including the kT dependence of
the wave functions and Sudakov form factor, this approach is free of endpoint singularity. Recent study shows that
PQCD approach works well for charmless B decays [10, 11, 12], as well as for channels with one charmed meson in
the final states [6, 13]. We will show the PQCD calculation of B0 → D¯(∗)0η(′) decays in the next section, and discuss
the numerical results in section III. The conclusion is in section IV.
II. B0 → D¯(∗)0η(′) DECAY AMPLITUDES IN PQCD
In two-body hadronic B decays, the two outgoing mesons are energetic. Each of the valence quarks inside these
mesons carries large momentum. Most of the energy comes from the heavy b quark decay in quark level. The light
quark (d quark) inside B0 meson, which is usually called spectator quark, carries small momentum at order of ΛQCD.
This quark also goes into final state meson in spectator diagrams. Therefore, we need an energetic gluon to connect
this quark to the four quark operator involved in the b quark decay. Such that the spectator quark get energy from the
four quark operator to form a fast moving light meson. The hard four quark dynamic together with the spectator quark
becomes six-quark effective interaction. Since six-quark interaction is hard dynamics, it is perturbatively calculable.
The non-perturbative dynamics in this process is described by the wave functions of mesons consisting of quark and
anti-quark pair. The decay amplitude is then expressed as
Amplitude ∼
∫
d4k1d
4k2d
4k3 Tr
[
C(t)ΦB(k1)ΦD(∗)(k2)Φη(′)(k3)H(k1, k2, k3, t)e
−S(t)
]
. (3)
2B0 η(′)
D¯(∗)0
b¯
c¯
d¯
d
(a)
B0 η(′)
D¯(∗)0
b¯
(b)
B0 η
(′)
D¯(∗)0
b¯
(c)
B0 η
(′)
D¯(∗)0
b¯
(d)
FIG. 1: Color-suppressed emission diagrams contributing to the B0 → D¯(∗)0η(′) decays.
Here C(t) is the QCD corrected Wilson coefficient of the relevant four quark operator at scale t. Although next-to
leading order results have been given [14], we will use leading order one here [11]. Φi are the meson wave functions,
which include the non-perturbative contributions in these decays. The non-perturbative wave functions are not
calculable in principal. But they are universal for all the hadronic decays. We will use the ones determined from other
measured decay channels [6, 10, 11, 12]. The exponential S(t) is the so-called Sudakov form factor, which includes the
double logarithm resulting from the resummation of soft and collinear divergence. This form factor is also calculated
to next-to leading order in the literature [15]. The Sudakov factor effectively suppresses the soft contributions in the
process [6, 10, 11], thus it makes the perturbative calculation of hard part reliable.
Now the only left part of the decay amplitude is the hard part H(t). Since it involves the four quark operator and
the spectator quark connected by a hard gluon, it is channel dependent, but perturbatively calculable. There are
altogether 8 kinds of diagrams in our B0 → D¯(∗)0η(′) decays, which are shown in Fig.1 for the spectator diagrams and
Fig.2 for the annihilation type diagrams. Notice that in Fig.1, the η(′) meson consists of dd¯ content, while in Fig.2, it
is a uu¯ pair making η(′) meson. Since η(′) meson is isospin singlet (uu¯+ dd¯), these two sets of diagrams give relatively
positive contributions. On the other hand, in case of B0 → D¯(∗)0π0 decays [6], where π0 is isospin triplet (uu¯− dd¯),
these two sets of diagrams give destructive contributions there. Fortunately, as we will see later in the next section,
the annihilation type diagrams are suppressed comparing to the spectator diagrams. Therefore, the branching ratios
of these two kinds of decays are still comparable.
The structures of the meson wave functions are
Bin(P ) : [ 6 P +mB]γ5φB(x) , (4)
Dout(P ) : γ5[ 6 P +mD]φD(x) , (5)
D∗out(P ) : 6 ǫ[ 6 P +mD∗ ]φD∗(x) , (6)
η
(′)
out(P ) : γ5[ 6 PφA(x) +m0φP (x) + ζm0(6 n− 6 n+ − 1)φT (x)] , (7)
with m0 ≡ m2pi/(mu + md) = 1.4 GeV, utilizing isospin symmetry. And the light-like vectors are defined as n+ =
(1, 0,0T ) and n− = (0, 1,0T ). As shown in ref.[9], φB is identified as φ+ and the contribution of another B meson
wave function φ¯B ∝ φ+ − φ− is smaller in the PQCD calculations, therefore we neglect it. Applying for heavy quark
symmetry, there is only one independent distribution amplitude φD(∗) in the heavy D
(∗) meson wave function [6, 13].
However, there are three distribution amplitudes for the light η(′) meson wave functions [12], like the π meson wave
function. The coefficients ζ = +1 are for η
(′)
out with u¯ (d¯) carrying the momentum x3P3, while ζ = −1 for η(′)out with u
(d) carrying the momentum x3P3.
The gluonic mechanism of η′ may make sizable contributions in the B → D(∗)η′ decays, but they are usually model
dependent [5]. Thus we will not consider it here. The η and η′ mesons are mixtures of flavor SU(3) octet (η8) and
singlet (η0) states in a two-mixing-angle formalism [16],
η = cos θ8|η8〉 − sin θ0|η0〉 ,
η′ = sin θ8|η8〉+ cos θ0|η0〉 . (8)
The definitions of the decay constants of η and η′ are as follows:
〈0|u¯γµγ5u|η(′)(p)〉 = ifuη(′)pµ, 〈0|d¯γµγ5d|η(′)(p)〉 = ifdη(′)pµ. (9)
The s¯s components of η and η′ are not relevant in our decay channels. Therefore we did not show them. The decay
constants in the two-angle mixing formalism are
fuη = f
d
η =
f8√
6
cos θ8 − f0√
3
sin θ0, (10)
fuη′ = f
d
η′ =
f8√
6
sin θ8 +
f0√
3
cos θ0. (11)
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FIG. 2: Annihilation Diagrams contributing to the B0 → D¯(∗)0η(′) decays.
The parameters are determined to be [16]
θ8 = −22◦ ∼ −21◦, f8 = 1.28fpi,
θ0 = −9◦ ∼ −4◦, f0 = (1.20− 1.25)fpi . (12)
The η and η′ meson can also be expressed as a mixing in the quark flavor basis [17](
η
η′
)
=
(
cosα − sinα
sinα cosα
)(
(uu¯+ dd¯)/
√
2
ss¯
)
, (13)
where α = π+ θ− arctan(1/√2) describe the deviation from ideal mixing. The angle θ is one-angle mixing parameter.
From the above eqn. (13), applying isospin symmetry, we have
fuη = f
d
η = fpi cosα/
√
2, (14)
fuη′ = f
d
η′ = fpi sinα/
√
2. (15)
The range of mixing parameters are determined to be θ = −17◦ ∼ −11◦ [17].
The B0 → D¯(∗)0η(′) decay rate has the expression as,
Γ =
1
128π
G2F |Vcb|2|Vud|2m3B|M|2 . (16)
Including the hard part and the meson wave functions, the B0 → D¯(∗)0η(′) decay amplitude is written as
M(B0 → D¯(∗)0η(′)) = fD(∗)ξint + fBξexc +Mint +Mexc , (17)
where fB = 190 MeV, fD = fD∗ = 240 MeV are the B and D
(∗) meson decay constants, respectively. The functions
ξint, and ξexc denote the internal W -emission, and W -exchange contributions, which come from Figs. 1(a) and 1(b),
Figs. 2(a) and 2(b), respectively. The functions Mint, andMexc represent the internal W -emission, and W -exchange
contributions, which come from Figs. 1(c) and 1(d), Figs. 2(c) and 2(d), respectively. The expressions of the four
functions are already shown in the appendix of ref.[6] for B → Dπ decays. One need only replace the pion wave
function by the η(′) wave function in those expressions.
In FA, only factorizable contribution of ξint (Fig.1(a)(b)) has been considered. Since ξint is proportional to the
small Wilson coefficient a2 = C1 + C2/3, the branching ratios predicted in FA is smaller than the experiments. Now
in PQCD approach, all the topologies, including both factorizable and nonfactorizable ones, and also annihilation
type ones have been taken into account. In fact the non-factorizable contribution Mint, which is proportional to the
large Wilson coefficient C2/3 is the dominant contribution in the B
0 → D¯(∗)0η(′) decays. The reason is that the two
non-factorizable diagrams in Fig.1(c) and (d) do not cancel each other like the B to two light meson decays, where
the distribution amplitudes of wave function are symmetric [10, 11]. The large difference of c¯ and u quark mass makes
the contribution of Mint large. Very recently, the soft collinear effective theory also confirms that the non-factorizable
Mint dominate over the contribution of fD(∗)ξint [18].
III. NUMERICAL RESULTS
As stated in the above section, we need various wave functions in our numerical calculations. Considering the
previously calculations of other decay channels [6, 9, 10, 11, 12], the B meson wave function has been determined as
φB(x, b) = NBx
2(1− x)2 exp
[
−1
2
(
xMB
ωB
)2
− ω
2
Bb
2
2
]
, (18)
4TABLE I: PQCD predictions with one angle mixing formalism (I) and two angle mixing formalism (II) and experimental data
(in units of 10−4) of the B0 → D¯(∗)0η(′) branching ratios.
Decay mode PQCD (I) PQCD (II) Belle BABAR PDG
B0 → D¯0η′ 1.7 ∼ 2.3 2.2 ∼ 2.6 - - < 9.4
B0 → D¯0η 2.4 ∼ 3.0 2.6 ∼ 3.2 1.4+0.6
−0.5 2.41 ± 0.50
B0 → D¯0pi0 2.3 ± 0.1 3.1± 0.6 2.89 ± 0.48
B0 → D¯∗0η′ 2.0 ∼ 2.7 2.6 ∼ 3.2 - < 14
B0 → D¯∗0η 2.8 ∼ 3.5 3.1 ∼ 3.8 2.0+1.0
−0.9 -
B0 → D¯∗0pi0 2.8 ± 0.1 2.7± 0.9 -
where the shape parameter is chosen as ωB = 0.4 GeV. The normalization constant NB is related to the decay constant
fB through ∫
dxφB(x, 0) =
fB
2
√
6
. (19)
The D(∗) meson distribution amplitude is given by
φD(∗)(x) =
3√
6
fD(∗)x(1 − x)[1 + CD(∗)(1− 2x)] , (20)
with the shape parameter CD = CD∗ = 0.8 ± 0.2 [6]. The range of CD(∗) was extracted from the B → D(∗)lν¯ decay
spectrum at large recoil assuming ωB = 0.4 GeV for the B meson wave function [9]. We do not consider the variation
of φD(∗) with the impact parameter b, since the current data are not yet sufficient to control this dependence. The
light η(′) meson wave functions are chosen to be the same as the pion wave function according to isospin symmetry,
since the relevant valence quarks here are mainly uu¯ and dd¯.
In the numerical analysis we adopt
Λ
(f=4)
MS
= 250 MeV, MB = 5.2792 GeV, MW = 80.41 GeV.
Choosing |Vcb| = 0.043 and |Vud| = 0.974, we obtain the PQCD predictions for the B0 → D¯(∗)0η(′) branching
ratios shown in Table I. For comparison, we also list the B0 → D¯(∗)0π0 decay branching ratios in this table. The
theoretical uncertainty comes from the variation of the shape parameter for the D(∗)0 meson distribution amplitude,
0.6 < CD(∗) < 1.0 and the η and η
′ mixing parameter θ = −17◦ ∼ −11◦ for the one-angle mixing formalism (I).
The range of parameters of two-angle formalism (II) are shown in eq.(12). From numerical study, we notice that the
branching ratios do not vary much upon the variation of CD(∗) . This can be seen from the numbers of B
0 → D¯(∗)0π0
in Table I, since it only depends on this parameter. Most of the uncertainty of B0 → D¯(∗)0η(′) decays is from the
mixing parameter θ or θ8 and θ0. The branching ratios of B
0 → D¯(∗)0η′ increase while B0 → D¯(∗)0η decrease as the
angle θ getting larger. Other input parameters, such as parameters of B meson wave function also affect the branching
ratios, but they are mostly constrained by other well measured decay channels, like B → ππ [11] and B → Kπ [10]
decays, etc. The uncertainties of PQCD approach itself mainly come from the unknown higher twist contributions
and higher order calculations of αs corrections. No numerical estimation of higher twist contribution exist, although
it is expected to be suppressed. The higher order QCD calculation in B → φK decay shows that next-to leading order
αs correction may not be small in certain channels [19].
The recently observed class-II decay B0 → D¯(∗)0η branching ratios are also listed in Table I [3, 4, 20]. It is easy
to see that, our results agree with the experimental measurements within errors. Since we do not consider the extra
gluon fusion contribution to B0 → D¯(∗)0η′ decay, the not yet measured B0 → D¯(∗)0η′ branching ratios are a little
smaller than the B0 → D¯(∗)0η branching ratios. But they are still comparable with the B0 → D¯(∗)0π0 branching
ratios. The reason for this comparable result is that we apply the assumption of exact isospin symmetry. We use the
same wave function for η(′) and π meson where the only difference is the decay constant. The difference of dynamics is
the constructive or destructive contribution from annihilation type diagrams. This destructive contribution makes the
B0 → D¯(∗)0π0 branching ratios smaller than that of B0 → D¯(∗)0η decays. The numerical results also show that the
dominant contribution comes from the non-factorizable contribution Mint. The factorizable contribution fDξint and
annihilation contribution Mexc are only 20-30% of Mint. Factorizable annihilation contribution fBξexc is negligible.
5IV. SUMMARY
In this work, we calculate the branching ratios of B0 → D¯(∗)0η(′) decays in the perturbative QCD approach with kT
factorization, which is free of endpoint singularity. Belonging to class II decays in FA, these decays receive dominant
contributions from the non-factorizable diagrams. Naive factorization breaks down in these color suppressed modes.
The branching ratios calculated in our approach for B0 → D¯(∗)0η agree with current experiments. We predict the
branching ratios of B0 → D¯(∗)0η′ without gluonic contributions are at the comparable size of B0 → D¯(∗)0π0, but
smaller than B0 → D¯(∗)0η. They may be measured soon in the B factories.
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